The anaerobic digestion process in anaerobic membrane bioreactors is an effective way for Waste Management, energy sustainability and pollution control in the environment. This digestion process basically involves the production ofvolatile fatty acids and biohydrogen as intermediate products and methane as a final product. This paper compares the value of bioproducts from different stages of anaerobic membrane bioreactors through a thorough assessment. The value was assessed in terms of technical feasibility, economic assessment, environmental impact and impact on society. Even though the current research objective is more inclined to optimize the production of methane, the intermediate products could also be considered as economically attractive and environment friendly options. Hence, this is the first review study to correlate the idea into an anaerobic membrane bioreactor which is expected to guide future research pathways regarding anaerobic process and its bioproducts.
Introduction
Recovering resources and energy from wastes and wastewater is deemed to be of primary interest for environmental engineers and researchers. Both aerobic and anaerobic processes have been utilized to design membrane bioreactors for industrial wastewater treatment (Falahti-Marvast and Karimi-Jashni, 2015; Ma (D.) et al., 2016). Of these two, the anaerobic membrane bioreactors (AnMBRs) are considered to be a good, low cost alternative that has the advantage of less energy requirement (Pretel et al., 2016) , high organic loading rate (OLR), bioenergy and nutrient recovery (Chan et al., 2009) . AnMBR is an integrated system where a low pressure microfiltration/ultrafiltration membrane module is coupled with an anaerobic bioreactor. The membrane module separates liquid from biomass and increases biomass concentration. Biogas is generated through anaerobic digestion process in the bioreactor and the filtered liquid from membrane module is collected as permeate (Chang, 2014 ). Fig. 1 shows a simplified schematic diagram of anaerobic bioreactor with two major configurations.
Fig. 1
Till now, the industrial application of AnMBRs is limited as it requires a larger membrane area andintensive biogas recyclingthat contribute to the operation and maintenance costs (Ozgun et al., 2013; Shin et al., 2014) . Since the process offers the prospect of energy recovery, studies have focused on an optimization protocol for maximum methane production from the final stage (Mei et al., 2016) . Although it is a much needed initiative to mitigate the growing energy crisis, the environmental impact of the product is one that contributes to 
Optimization of AD process
The growth rate of microorganisms in different stages varies widely according to their physiology, nutritional needs, temperature and pH sensitivity. The greatest challenge is to maintain a delicate balance between two major groups: the acid and the methane forming microorganisms. Reactor instability and low methane yield are two predominant issues observed in modern anaerobic model (Adekunle and Okolie, 2015 ).
An efficient anaerobic digestion process requires the rate optimization for both initial hydrolysis and final methanogenesis processes. When the rate of hydrolysis is higher compared to the final methanogenesis stage, the produced VFA can accumulate in the system and result in decrease of pH in the reactor, which in turn can lead to the inhibition of the methanogenesis and induce system failure of the digester. Hence, controlling the rate of hydrolysis is important to prevent methanogenesis inhibition due to pH reduction in the Several different parameters like pH, temperature, mixing, substrate, C/N ratio, and hydraulic retention time (HRT) are important for an optimum performance in the anaerobic process.
Although specific substrate properties and expected quality of the digestate define the operating conditions, parameters like values of temperature, pH and C/N ratio could be specified for generic anaerobic digestion models. Table 1 summarizes the most common operating ranges applied to create optimum AD performance.
Table 1
Both OLR and retention time depends on composition and type of waste that needs to be processed along with the model and arrangement of the bioreactors. From Table 1 , it is evident that the process of methanogenesis and hydrolysis requires different production conditions and both phases have narrowed down the operating ranges that could be applied in AnMBR. Hence, wide and flexible operating ranges could be applied to AnMBR when the optimization of hydrolysis or acetogenesis is considered other than methanogenesis. So far, the current research on anaerobic processes provides only an incomplete picture because studies have been conducted under specific conditions. Only a few studies have provided a generic approach to optimize the AD process on AnMBR (Mei et al., 2016).
Advances made in methane production
Major fraction of research on anaerobic process has a common target, improvement of energy conversion efficiency through optimizing the anaerobic process for methane containing biogas production (Abdelsalam et 
Scope for VFA production
VFAs are the products from the initial acidogenic phase and mainly include acetic acid, propionic acid, butyric acid, and valeric acid, which are the precursors of methanogenesis In this connection, AnMBR treating concentrated wastewater with high organic content would be more favorable for stable VFA extraction compared to a feedstock with low carbohydrate content such as municipal wastewater. For example, it has been reported that VFAs recovered from dephenolized olive mill wastewater through the process of electrodialysis is economically feasible (Scoma et al., 2016) . Although VFA recovery has economic potential to produce high end valued products, the separation and purification
technologies are yet to be optimized specifically for different AnMBR arrangements. Thus, AnMBR configurations designed to maximize VFA production with a wide range of substrate composition would be a potential area of research in the future.
Scope for Hydrogen production
The production of VFA from the second and third stages of anaerobic digestion also includes the production of gaseous molecular hydrogen (biohydrogen) and carbon dioxide. Unfortunately, no AnMBR model has been designed yet to produce biohydrogen only, hence the advantages for biohydrogen production only is still not identified.
Economic Assessment
In spite of having great promises, the application of AnMBR is very limited compared to aerobic membrane bioreactor (AeMBR) in wastewater treatment or other waste disposal industries. The primary reason is attributed to the concern that the amount of energy recovered here cannot necessarily exceed the initial installation and high operational cost.
However, this limited economic feasibility may be a result of not considering the situation for maximizing intermediate AnMBR products. The following paragraphs include individual and comparative discussions about economic feasibility when AnMBRs with different arrangements are designed to produce VFAs, biohydrogen and methane individually or simultaneously.
Assessment of methane Production
The current commercialization of AnMBR digestion focuses on maximum biogas production and its main constituent, methane. It is clear to which extent product of methane remains the major driver of the anaerobic digestion process. Firstly, compared to the other AD products methane has the advantage of limited downstream processing, the created biogas can directly be utilized for fuel with or without further purification, and for chemical intermediates. The second advantage is, production of methane involves low energy consumption, and the process uses all biodegradable organic matter and produces a high yield (Kleerebezem et al.,2015) . Although Methane is considered as a suitable energy source with low cost, the production rate of methane varies with substrate composition. As a result, stable methane production rate has been a common problem for anaerobic digestion, because the feed with low organic content cannot provide sufficient organic carbons for methane production. However, their cost analysis did not consider the operational cost for methane or PHA production and also the cost involved in downstream processing for product recovery, but the significant economic room encourages more detailed research work on economic feasibility assessment when VFA is produced from AnMBR.
Assessment for the production of biohydrogen
The production of biohydrogen using the anaerobic process has been a great idea for The cost of hydrogen as fuel still reamains on the higher side and production of biohydrogen could be a cost effective option. Not only the simultaneous production with methane but also the individual production could be a feasible option. No research data is yet available regarding the condition when biohydrogen is considered as the only product from the AnMBR. Although multiple stage arrangements has a drawback for additional cost of initial installation (Reactor and membrane installation) and process operation(membrane fouling, temperature, pH control), the cost recovered through the production of hydrogen could be compared with the additional amount for multiple stage assembly.
Cost comparison considering different product spectrum from AnMBR
High fluctuations of industrial toxicants, different sources of waste result unstable biogas production rate as different amount of organic compounds are available for methanogenesis.
This could be the single major problem acting against the widespread industrial application of Table 2 provides a summary based on the results from both experiments and it clearly indicates that major portion of the operating cost is associated with high energy requirement when biogas is recycled into the system.
Table 2
The heavy burdens of AnMBR economy mainly include low flux, membrane fouling, high For maximum methane production, the production of VFA is controlled down to the level where the reduction of pH does not inhibit the methanogenic activity (Yuan and Zhu, 2016) .
Simultaneous VFA and methane production could be an option, but the complete inhibition of Energy required for gas recycling, range of applicable organic load, pH and temperature control for methanogens, rate control for hydrolysis/ acidogenesis and unstable methane production are the key factors that stand on the way of the economic feasibility of currently established AnMBR models. The alternate approach to produce biohydrogen and/or VFA onlycould be a potential solution that can improve the economic feasibility of AnMBR. The technical feasibility achieved from different anaerobic models has been correlated in table 3.Itsummarizes the economic and technical challenges associated with different products spectrum and provides the potential research options based on the theories and limited available results. Table 3 4. Environmental Impact
Although AnMBR does good work by treating the waste materials or wastewater, negative environmental impacts associated with the products and effluents does not make it the best option for anaerobic digestion process. The current major product methane and its combustion product carbon dioxide have been identified as major contributors in greenhouse gas emission.
Contribution to global carbon emissions
The world has clearly recognized the devastating effects of climate change and current political agendas do clearly focus on reducing CO 2 emissions from burning of fossil fuels The carbon dioxide emission rate has been growing exponentially by the continual increase of the fossil fuel usage. Optimizing the process parameters in AnMBR for maximum methane production provides a sustainable option for bioenergy production. However, the development of this emerging technology would also contribute to the rising trend of global carbon dioxide emission. Besides contributing into the greenhouse gasses, there are other environmental issues associated with the AnMBR products; the following paragraphs contain the effect of AnMBR products on the environment.
Environmental impact of different AnMBR products
Global warming, acidification, eutrophication, abiotic depletion and maritime aquatic ecotoxicity have been identified as the major environmental impacts from the products of 
Table 4
The content of nitrogen and phosphorus in the digestate is not dependent to the anaerobic digestion process and their percentage mainly depends on the type of substrate that is being processed (Puchongkawarin et al., 2015) . Negative environmental effects like eutrophication, aquatic eco-toxicity, acidification and human toxicity are directly attributed to the degradation rates of total COD, amount of total nitrogen, phosphorus and finally the production rate of methane (Pretel et al., 2013) . Thus, tuning AnMBR parameters for improved nutrient recovery could be an option can partially reduce some negative effects but controlling the product spectrum could be an effective option to reduce environmental impacts caused by methane. There is no argument that methane and carbon dioxide directly contributes to the greenhouse gas emissions followed by the environmental GWP on the environment. Direct discharge of methane into the atmosphere is also possible by the fugitive emission from AnMBR. In addition, if not handled properly, dissolved methane could also be present in the AnMBR effluent. Low temperature operating conditions in AnMBR can create an effluent that contains more than 50% of methane (Pretel et al., 2016) . Since the GWP of methane is approximately twenty-three times that of carbon dioxide, 5% emission could simply undermine and negate the positive impact of anaerobic digestion (Kleerebezem et al., 2015) .
To capture dissolved methane from bioreactor effluent, degassing membrane system has been a relatively new concept but the recovery system is yet to achieve the optimization. Impact categories like human toxicity, fresh water aquatic eco-toxicity, terrestrial eco-toxicity and marine aquatic eco-toxicity are directly affected by the presence of dissolved methane in the . In this connection, biohydrogen production could be the worthy alternative over methane where both the production and the consumption process offer minimum effect on the environment.
Impact on scientific society

Community perception
Recent publications have reported that the scientific community is increasingly interested in producing biofuels from biodegradable wastes ( 
Adaptation of environment friendly products from AnMBR
For the scientific community, developing cost effective synthesis and storage system for The scientific community and some industries have already adapted methane as the final product from the AnMBR but currently it is no better than fossil fuels. Since methane has only been considered as the end valued product, the appetence of AnMBR has not been made for limited economic feasibility. Research developments to produce alternate products have showed promise, but only for fragmented pictures or specific substrate conditions. Most of the achievements involve anaerobic digestion with different bioreactors, only a limited number of experiments have been performed on AnMBRs. Compared to different AnMBR products, it is evident that the community's perception of VFA and hydrogen is yet to be ascertained. The employment of both products requires more research in terms of economic feasibility and large scale application. Before industrial application, it is required to develop generic research models of AnMBR where the product spectrum could be controlled by altering the operating conditions or bioreactor arrangements. The feedstock composition would be the challenging factor when concentration is given for a particular product.
Conclusion
Production of methane could provide the option for energy recovery from anaerobic process but it equally contains negative environmental impact and cost intensive operation.
Considering the long-term beneficial effects, intermediate products like biopolymers, medium chain fatty acids, bio hydrogen and other valued products could constitute a better alternative compared to what is being used currently. The technical feasibility and having minimal impact on the environment encourage the alternate process options for AnMBRs.
The technical feasibility of an individual process demands an integrated analysis that could provide a better economic efficiency. This refers explicitly to producing VFAs and biohydrogen from AnMBRs. 
Bioproducts from AnMBR
Comparison of the bioproducts
Highlights
• Current AnMBRs mainly focuses on final bioproducts -methane.
• Technical feasibility shows the comparable value of intermediate AnMBR bioproducts.
• Alternate AnMBRs based VFA and biohydrogen production is considerable.
• VFA and biohydrogen production are a cost recovery option for AnMBR.
• Environmental impacts are associated with different AnMBR bioproducts.
